Candida albicans is a frequent cause of superficial infections, such as vaginitis, diaper rash, and oral thrush. However, C. albicans infection can also cause deep-seated, life-threatening systemic infections in severely immunocompromised patients (8, 32) . As well as regulating its cell morphology and other cellular virulence factors, C. albicans is thought to adapt its metabolism and stress responses to the diverse microenvironments it encounters in the host (7, 28) .
Aerobic organisms are constantly exposed to reactive oxygen species that are generated as normal by-products of respiratory metabolism (17) . However, oxidative stress responses are thought to be particularly important for pathogenic fungi, because oxidative stress has been predicted to be the stress condition they are most likely to encounter in vivo (for review, see reference 10). Therefore, considerable emphasis has been placed on the oxidative stress response in C. albicans (1, 3, 9, 10, 15, 37, 42) .
Host phagocytic cells use reactive oxygen species as part of their armory to neutralize foreign microorganisms (16) . Reactive oxygen species such as the superoxide anion (O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (HO) react with lipids, DNA, and proteins, leading to lethal microbial cell damage. To survive these assaults, C. albicans expresses enzymes that catalyze the detoxification of reactive oxygen species, such as superoxide dismutase (which converts superoxide into O 2 and H 2 O 2 ) and catalase (which converts the reactive H 2 O 2 in neutral H 2 O and O 2 ). C. albicans also generates scavengers of reactive oxygen species, such as glutaredoxin (a glutathione-dependent stress protectant) and thioredoxin (to reduce disulfide bonds created by the oxidative stress).
Genome-wide microarray studies have shown that many of these functions are induced at the transcriptional level when C. albicans responds to oxidative stresses in vitro (13, 15) , e.g., genes involved in H 2 O 2 and free radical detoxification (CTA1 and SOD2) and in the thioredoxin (TSA1, TRX1, and TTR1, also known as GRX2 in Saccharomyces cerevisiae) and glutaredoxin (GPX1 and GSH1) systems are transcriptionally induced in response to oxidative stress. Furthermore, the transcription factor Cap1, which is important for oxidative stress tolerance (1, 15, 42) , is strongly induced in response to oxidative stress in vitro.
Some oxidative stress functions are induced in C. albicans when cells are exposed to human blood or following phagocytosis by granulocytes or neutrophils (19, 20, 35) . This observation is consistent with the idea that reactive oxygen species play a significant role in the antimicrobial defenses of host phagocytic cells. However, C. albicans only displays a weak oxidative stress response following phagocytosis by macrophages (25) . Nevertheless, the significance of oxidative stress responses in the virulence of C. albicans has been emphasized by the observation that mutations that inactivate such responses attenuate the virulence of this pathogen (20, 24, 27, (39) (40) (41) . Therefore, in this study we have used single-cell profiling (4, 5) to examine the extent to which individual C. albicans cells activate an oxidative stress response within specific microenvironments relevant to the infection process. We show that while C. albicans cells are exposed to a significant oxidative stress following phagocytosis by neutrophils, few fungal cells are exposed to an oxidative stress after exposure to macrophages or once a kidney infection is established. We conclude that an oxidative mined as described previously (5) . Regions of sections displaying high levels of yellow autofluorescence were not quantified. Images were generated at 461 nm (Calcofluor white staining), 516 nm (GFP), and 573 nm (rhodamine, as a control for GFP specificity). GFP and rhodamine images were overlaid using Adobe Photoshop 7.0 software (Adobe Systems, Inc.) to highlight the GFP-specific signals. For histopathology, 5-m paraffin wax-embedded kidney sections were stained with periodic acid-Schiff's reagent and then poststained with hematoxylin to reveal host cell nuclei in addition to fungal cells.
In silico analysis of transcript profiling data. Published transcript profiling data sets were analyzed with Genespring software (Silicon Genetics) to identify C. albicans genes that are induced in response to oxidative stress (13-15, 20, 22, 31) .
RESULTS
Identification of candidate oxidative stress biomarkers. To identify C. albicans genes that might be suitable for use as oxidative stress biomarkers, we took advantage of the growing number of transcript profiling data sets available for this pathogen. We focused especially on those experiments that have examined the global transcriptional responses of C. albicans to stresses, morphogenesis, and host-pathogen interac- tions (13-15, 20, 22, 31 ; C. Vaughan and D. Sullivan, personal communication). First, from the circa 6,300 genes present on the C. albicans microarray we identified 331 genes that are significantly induced in response to an oxidative stress. From this subset we selected 80 genes that are not induced in response to other conditions and which, therefore, appear to be relatively specific for the oxidative stress response. From this subset of C. albicans genes we selected three genes with welldefined functions in oxidative stress adaptation ( Fig. 1) : CTA1 (encoding a catalase), TTR1/GRX2 (encoding a glutaredoxin), and TRX1 (encoding a thioredoxin). These genes display relatively strong induction by both mild and strong oxidative stresses, and their transcripts appear to be only transiently induced by nitrosative stress (Fig. 1) . The CTA1, TTR1/GRX2, and TRX1 genes are also activated when C. albicans cells are exposed to human blood, probably through the interaction with neutrophil cells (Fig. 1) (19, 20) . With the possible exception of TTR1/GRX2, these genes are not transcriptionally regulated, as cells resume growth or during serum-induced morphogenesis ( Fig. 1) . Therefore, based on available transcript profiling data, the TTR1/GRX2 and TRX1 genes appear to respond specifically to oxidative stress. Although the CTA1 transcript is induced in response to a moderate osmotic stress as well as to oxidative stress ( Fig. 1 ) (15), this promoter was also selected for further analysis. In addition, the ACT1 promoter was chosen as a positive control because this gene appears to be expressed at roughly similar levels under the conditions analyzed (Fig. 1 ).
Construction and validation of GFP reporters. The CTA1, TTR1/GRX2, and TRX1 promoter regions (from Ϫ1000 to ϩ1 with respect to the translation initiation codon) were fused to the GFP open reading frame in the plasmid pGFP, and each fusion was integrated into the C. albicans genome at the RPS1
Northern analysis of GFP reporters. Northern analysis was performed to test expression of the CTA1-, TTR1/GRX2-, and TRX1-GFP reporters as well as the pGFP and ACT1-GFP controls. The five C. albicans reporter strains were exposed to no stress (-), an osmotic stress (OS; 0.3 M NaCl), a mild oxidative stress (XS; 0.4 mM H 2 O 2 ), or a strong oxidative stress (XSϩ; 5 mM H 2 O 2 ). Membranes were probed with a GFP probe (see Materials and Methods).
FIG. 3. Responses of the CTA1-, TTR1/GRX2
-, and TRX1-GFP reporters to stresses in vitro. The expression of these three oxidative stress reporters was compared with the pGFP and ACT1-GFP controls under a range of stress conditions in vitro: -, no stress; XS, mild oxidative stress (0.4 mM H 2 O 2 ); XSϩ, strong oxidative stress (5 mM H 2 O 2 ); NS, mild nitrosative stress (1 mM DPTA-NONOate); NSϩ, strong nitrosative stress (5 mM DPTANONOate); HS, mild heat shock (25°C to 37°C); HSϩ, strong heat shock (25°C to 42°C); OS, osmotic stress (0.3 M NaCl). GFP intensities were determined as described in Materials and Methods. Fluorescence micrographs of the C. albicans transformants exposed to 0 (control) or 5 mM H 2 O 2 (XSϩ) are shown.
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locus to generate a set of GFP-marked strains (see Materials and Methods). Northern blot analyses compared the expression pattern of each GFP mRNA with the transcript profiling data (Fig. 2) . The TTR1/GRX2-and TRX1-GFP mRNAs were induced in response to oxidative stresses, but not after exposure to the osmotic stress. The CTA1-GFP mRNA was strongly induced in response to oxidative stress and to a minor extent by osmotic stress. The ACT1-GFP mRNA was expressed constitutively under these conditions (Fig. 2) . The Northern analyses are consistent with the transcript profiling data for this set of genes. Next, we examined the green fluorescence generated by these CTA1-, TTR1/GRX2-, and TRX1-GFP strains following exposure to various stresses in vitro by quantitative fluorescence microscopy. Once again, the pGFP and ACT1-GFP strains were used as negative and positive controls, respectively. As expected, cells containing the promoterless pGFP plasmid generated no significant GFP fluorescence. In contrast, ACT1-GFP cells expressed relatively high levels of fluorescence under all of the conditions examined (Fig. 3) . The CTA1-, TTR1/GRX2-, and TRX1-GFP fusions were induced in response to both high and low oxidative stresses (Fig. 3 , lanes 2 and 3; 5.0 and 0.4 mM H 2 O 2 , respectively). Significantly, the fluorescence levels generated by these reporters were not elevated in response to nitrosative, osmotic, or heat stresses (relative to unstressed control cells) (Fig. 3) . Therefore, the shortterm induction of the CTA1 and TRX1 mRNAs in response to nitrosative stress was not reflected in a significant increase in GFP protein levels ( Fig. 1 and 3) , and the low level of induction of the CTA1-GFP mRNA in response to osmotic stress did not lead to a significant increase in GFP fluorescence ( Fig. 2  and 3 ). These results suggested that the CTA1-, TTR1/GRX2-, and TRX1-GFP reporters could be used specifically to monitor the exposure of C. albicans cells to oxidative stress.
Oxidative dose responses for the GFP reporters. We challenged the GFP-marked strains with a range of H 2 O 2 concentrations to generate dose-response curves for the three reporters. The CTA1-, TTR1/GRX2-, and TRX1-GFP strains displayed fluorescence responses that were roughly proportionate to the dose of H 2 O 2 (Fig. 4A) . The CTA1-and TTR1/GRX2-GFP reporters reached their maximum expression level at a dose of 2 mM H 2 O 2 , whereas the maximum response of TRX1-GFP cells was observed at 5 mM H 2 O 2 .
Reactive oxygen species are produced to a greater extent under respiratory conditions (17) . Hence, we tested whether the CTA1-, TTR1/GRX2-, and TRX1-GFP reporters are differentially regulated under fermentative and nonfermentative conditions. The previous dose-response curves were obtained during growth on glucose (YPD) (Fig. 4A) . Therefore, we repeated the dose-response curves with C. albicans cells grown on lactate (YPL) (Fig. 4B) . The levels of green fluorescence generated by TTR1/GRX2-GFP and TRX1-GFP cells were not greatly affected by carbon source. There was a slight increase in TRX1-GFP expression levels during growth on lactate, but in general TTR1/GRX2-GFP and TRX1-GFP cells displayed similar dose-response curves whether they were grown on lactate or glucose. In contrast, the expression of the CTA1-GFP reporter was significantly up-regulated on lactate. Lactate-grown CTA1-GFP cells still displayed a response that was roughly proportional to the dose of H 2 O 2 , but the fluorescence levels were elevated approximately threefold compared with glucosegrown cells (Fig. 4) . The data suggest that the C. albicans CTA1 promoter responds to both oxidative stress and to carbon source. This observation has been confirmed recently by expression profiling of C. albicans cells (A. Rodaki, B. Enjalbert, and A. Brown, unpublished data). Taken together, our data indicate that in principle, the combination of CTA1-, TTR1/ GRX2-, and TRX1-GFP reporters could be used as oxidative stress biomarkers to titrate the approximate level of oxidative stress in particular microenvironments.
Expression of oxidative stress biomarkers in ex vivo infection models. Transcript profiling experiments performed on C. (Fig. 5) . However, following phagocytosis by neutrophils, the CTA1-and TRX1-GFP reporters in most C. albicans cells were strongly induced, and the TTR1/GRX2-GFP reporter was moderately induced. These results are consistent with the transcript profiling data of Fradin and coworkers (20) (Fig. 1) . Quantification of the fluorescence levels in phagocytosed C. albicans cells suggested that they were exposed to an oxidative stress that is equivalent to about 0.4 mM H 2 O 2 .
Exposure to oxidative stress during disseminated infection. Having used the CTA1-, TTR1/GRX2-, and TRX1-GFP reporters successfully in vitro and in ex vivo infection models, we investigated the behavior of these reporters in the mouse model of systemic candidiasis. Mice were infected with the C. albicans reporter strains by intravenous injection, and their kidneys were examined after 1 or 4 days. Two inoculum sizes were used (see Materials and Methods). With a standard inoculum (2 ϫ 10 4 C. albicans cells/g) after 4 days sufficient fungal loads had built up in the kidneys of infected animals to provide adequate population sizes for GFP analysis (1.4 ϫ 10 6 to 8.2 ϫ 10 6 CFU/g kidney tissue). Both standard and 10-fold-increased inocula were compared to facilitate the analysis after 1 day of infection. After 1 day the standard inoculum generated fungal burdens of between 2.6 ϫ 10 5 and 5.3 ϫ 10 5 CFU/g kidney tissue, whereas the higher inoculum generated burdens of 3.5 ϫ 10 6 to 5.3 ϫ 10 6 CFU/g kidney tissue.
Tissue sections were stained with Calcofluor white to detect fungal cells within the kidney tissue (Fig. 6) . A small proportion of C. albicans cells were dispersed in the kidneys, but even after 1 day most were present in foci of infection. C. albicans cells carrying the negative pGFP control displayed no GFP fluorescence (Fig. 6A) , whereas all cells with the ACT1-GFP reporter displayed significant levels of fluorescence, as expected (Fig. 6B) (4, 5) . Only about 4% of C. albicans cells carrying an oxidative stress reporter displayed GFP fluorescence. This was the case 1 and 4 days after infection (Fig. 7A) . tered together in groups (Fig. 6D) , suggesting that C. albicans cells are exposed to a significant external oxidative stress only within specific microenvironments in the kidney. Quantification of these GFP signals suggested that the fungal cells in these microenvironments were exposed to oxidative stresses that were equivalent to about 0.4 mM H 2 O 2 . There was no significant difference in the strength of the oxidative stress response between the early and late infection time points (Fig. 7B ). Similar observations were made for the CTA1-, TTR1/GRX2-, and TRX1-GFP reporters. The data indicate that, once infection has been established in the kidney, C. albicans cells are rarely exposed to a significant external oxidative stress. Histopathological examination of infected kidneys revealed obvious polymorphonuclear leukocyte (PMN) infiltrates 1 day and 4 days after C. albicans challenge (Fig. 8) . Foci of fungal growth were obvious at both times, but the sizes of the lesions on day 4 were larger than on day 1. The majority of the fungal foci (Ͼ60%) were associated with PMN infiltrates.
DISCUSSION
The ability to respond appropriately to environmental stress has been shown to be an important factor in the virulence of C. albicans. Mutations that disrupt stress signaling attenuate the virulence of this pathogen (2) . Furthermore, C. albicans virulence is attenuated by the inactivation of catalase (CAT1) or superoxide dismutases (SOD1 and SOD5) (20, 24, 27, 39, 40) . These observations suggest that oxidative stress responses in particular are important for the establishment of systemic infections. Therefore, we have investigated the extent to which C. albicans cells are exposed to oxidative stresses in specific niches associated with the establishment and progression of systemic disease.
Our approach was to use single-cell profiling to examine the behavior of individual fungal cells in these niches. This approach exploits the specific regulatory profiles of particular promoters, which are then fused to the synthetic, codon-optimized yEGFP gene (11). These GFP fusions are then used to report the activation of particular molecular responses in C. albicans (4, 5) . In this study we selected three C. albicans promoters which, on the basis of genome-wide expression profiling, respond relatively specifically to oxidative stress: CTA1, TRX1, and TTR1/GRX2 (Fig. 1) . Our analyses of the TRX1-and TTR1/GRX2-GFP reporter strains under a range of experimental conditions in vitro confirmed that they respond specifically to oxidative stresses ( Fig. 2 and 3) . The CTA1-GFP reporter also responded to oxidative stress but was also activated during growth on lactate, indicating that this gene is regulated by carbon source as well as oxidative stress (Fig. 3) . This reporter was not activated strongly in response to osmotic stress ( Fig. 2 and 3) , unlike the wild-type CTA1 transcript (Fig.  1) , suggesting that the wild-type transcript might be regulated at the posttranscriptional level under these conditions. Despite its regulation by carbon source, the CTA1-GFP reporter could be used in combination with the TRX1-and TTR1/GRX2-GFP reporters to define the proportion of C. albicans cells that are exposed to an environmental oxidative stress. Furthermore, the activation of all three reporters was proportional to the level of oxidative stress, at least up to about 2 to 5 mM H 2 O 2 (Fig. 4) . This allowed us to estimate the relative strength of the environmental oxidative stress to which the C. albicans cells were exposed.
Having defined the specificity and amplitude of the CTA1-, TRX1-, and TTR1/GRX2-GFP reporter strains, we examined them in well-established ex vivo neutrophil and macrophage models. We chose these models because they are thought to reflect initial contact between C. albicans and host immune cells in the bloodstream and tissues early in a systemic infection. None of the reporter strains was activated following phagocytosis by macrophages (Fig. 5) . The expression profiling performed by Lorenz et al. (25) suggests that C. albicans CTA1 mRNA levels are increased following phagocytosis by macrophages, whereas the transcript profiling data set of Fradin and coworkers (20) suggests that this mRNA is not induced inside macrophages. Our single-cell profiling data are consistent with the latter conclusion. Our data also reinforce the view that neither TRX1 nor TTR1/GRX2 is induced in macrophages (20, 25) . Taken together, the data confirm that C. albicans cells are FIG. 8 . Visualization of fungal and host cells in kidney sections from animals infected for 1 (upper panel) and 4 (lower panel) days, based on periodic acid-Schiff and hematoxylin stain. At both times a majority of fungal hyphae (strong pink) were surrounded by infiltrates of PMNs (dark staining; blue arrows), but examples of hyphae without surrounding infiltrates were also observed (white arrows).
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OXIDATIVE STRESS RESPONSE DURING SYSTEMIC CANDIDIASIS 2149 not exposed to a significant oxidative stress after phagocytosis by macrophages. In contrast C. albicans cells are exposed to an oxidative stress when they are engulfed by neutrophils (Fig. 5) . All three oxidative stress reporters were activated under these circumstances, and again, this was entirely consistent with the work of Fradin et al. (20) . As part of their genome-wide expression profiling, they reported that the CTA1, TRX1, and TTR1/GRX2 mRNAs are all induced in response to neutrophils. By quantifying the degree of activation of the CTA1-, TRX1-, and TTR1/GRX2-GFP reporter strains, we were able to show that the behavior of the population of phagocytosed cells is relatively homogeneous and that C. albicans is exposed to a relatively mild oxidative stress under these conditions (Fig. 5) . This stress, which is equivalent to approximately 0.4 mM H 2 O 2 , is insufficient to activate the stress-activated protein kinase Hog1 (37) . Although C. albicans cells were exposed to a relatively mild oxidative stress, few were able to survive phagocytosis by neutrophils. This is in contrast to phagocytosis by macrophages, which the C. albicans cells were generally able to survive in vitro. This is consistent with the idea that neutrophils use a combination of defense mechanisms to control C. albicans (16) . The stringency of the environment within the neutrophil (20) or the additional exposure to nitrosative stress (22) might contribute to the anti-Candida activity of neutrophils. Our CTA1-, TRX1-, and TTR1/GRX2-GFP reporter strains were not triggered by a nitrosative stress (Fig. 3) , indicating that the reporters are able to differentiate between these two defense mechanisms.
The relative importance of neutrophils and macrophages in defense against experimental C. albicans infections has been examined directly in the past. Carrageenan is a polysaccharide that is toxic for macrophages but which also stimulates a neutrophil leukocytosis. It has been shown to reduce the susceptibility of mice to intravenous C. albicans challenge, indicating that the increase in neutrophils is of more importance than the decrease in macrophages (23) . With filter chambers implanted intraperitoneally in mice, Cutler and Poor (12) found neutrophils were more strongly candidacidal than macrophages, an observation subsequently confirmed in tests with human peritoneal neutrophils and macrophages (33) .
Analysis of the oxidative stress reporter strains in the mouse model of systemic infection indicated that approximately 95% of C. albicans cells infecting the kidney are not exposed to a significant oxidative stress (Fig. 7) . This was the case early (1 day) and late (4 days) in the infection process. Furthermore, this was not affected by inoculum size. Clearly, oxidative stress is not a constant threat to this pathogen during systemic infection. Histopathology showed that many fungal cells were apparently exposed to a PMN-based attack in infected kidneys (Fig. 8) . However, unlike the situation ex vivo, in which PMNs definitely engulf C. albicans cells and induce an oxidative stress response, only a small proportion of cells was exposed to an oxidative stress in the kidney (Fig. 6D) , with most foci of infection displaying no oxidative stress induction (Fig. 6C) . The histopathology revealed few PMNs in direct contact with the C. albicans cells, which might account for this difference.
Hence, we conclude that C. albicans activates an oxidative stress response in a niche-specific manner during disease establishment and progression. The fungal cells are more likely to be exposed to an oxidative stress early in the establishment of a systemic infection, when they come into direct contact with neutrophils circulating in the bloodstream. At this stage, the ability to adapt appropriately to this oxidative stress might promote the survival of the pathogen and the subsequent development of a deep-seated infection. However, once an infection has been established in the kidney, PMNs surround the fungi but do not stimulate oxidative stress adaptation.
